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Abstract: An azobenzene-derived photoswitch has been covalently cross-linked to two sites of the
S-peptide in the RNase S complex in a manner that the α-helical content of the S-peptide reduces
upon cis-to-trans isomerization of the photoswitch. Three complementary experimental techniques
have been employed, isothermal titration calorimetry (ITC), circular dichroism (CD) spectroscopy
and intrinsic tyrosine fluorescence quenching, to determine the binding affinity of the S-peptide to
the S-protein in the two states of the photoswitch. Five mutants with the photoswitch attached to
different sites of the S-peptide have been explored, with the goal to maximize the change in binding
affinity upon photoswitching, and to identify the mechanisms that determine the binding affinity.
With regard to the first goal, one mutant has been identified, which binds with reasonable affinity in
the one state of the photoswitch, while specific binding is completely switched off in the other state.
With regard to the second goal, accompanying molecular dynamics (MD) simulations combined with
a quantitative structure activity relationship (QSAR) revealed that the α-helicity of the S-peptide
in the binding pocket correlates surprisingly well with measured dissociation constants. Moreover,
the simulations show that both configurations of all S-peptides exhibit quite well-defined structures.
I. INTRODUCTION
Understanding conformational and dynamic aspects of
protein-protein interactions is of paramount importance
for new strategies in controlling them. In order to employ
time-resolved techniques for the investigation of confor-
mational changes of proteins and/or peptides, e.g., by
transient X-ray scattering1 or transient IR spectroscopy,2
fast triggering of a given process is required. This is
where the importance for external control of specific in-
teractions emerges - it facilitates detailed understanding
of real-time conformational changes induced by protein-
peptide recognition. Photocontrol has been recognized
as a valuable tool for the external manipulation of nu-
merous in vitro as well as in vivo processes. This way
of triggering conformational changes offers numerous ad-
vantages, in particular high spatial and temporal resolu-
tion and selectivity.3 Photoswitching, as one of the most
promising approaches of photocontrol, has the additional
advantage of being reversible.4 For example, a reversible
photocontrol of the α-helical content of small peptides
with sufficient α-helical propensity can be achieved by
crosslinking to sites of the peptide with an azobenzene-
based molecule.5–8 Upon illumination, the azobenzene
chromophore undergoes a reversible cis to trans isomer-
ization around its central diazene (N=N) double bond.
Isomerization changes the geometry of the azobenzene
moiety with different end-to-end distances of the two
configurations, leading to either a perturbation or a sta-
bilization of the helix, depending on the distance be-
tween sites to which the azobenzene moiety is bound.9
Besides triggering folding/unfolding of small α-helices,




FIG. 1. Molecular construct studied in this work: S-protein
(yellow) with S-pep(6,13) (blue) bound to it in the two states
of the photoswitch (red).
small cyclic peptides10,11 and β-hairpins.12–15 More com-
plex structural processes induced by that concept in-
clude the folding/unfolding transition of relatively large
proteins,16,17 the modulation of enzymatic activity,18–20
cell-cell adhesion,21 or ion-channel activity.3 In vivo ap-
plications became possible with the design of biocompat-
ible azobenzene derivatives, e.g. in zebrafish embrios22,23
or to control mitosis.24
In this study, we modulate the binding affinity within
the non-covalent ribonuclease S complex (RNase S) with
the ultimate goal of achieving photoinduced peptide un-
binding. RNase S results from limited, site-specific
hydrolysis of ribonuclease A, an enzyme from bovine
pancreas.25 Under controlled conditions, subtilisin can
cleave a single peptide bond in RNase A and yields the
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RNase S complex composed of the S-peptide (residues
1-20) and the S-protein (residues 21-124).25 Full enzy-
matic activity is restored when the two components form
a native-like complex. The three-dimensional structure
of the complex is essentially the same as that of intact
RNase A, except from small differences near the cleaved
peptide bond.26 Consequently, the S-peptide adopts an
α-helical structure when it is bound to the S-protein,
while it is essentially disordered when isolated in solution
due to its short sequence.27 This property makes RNase S
an excellent model to study the question whether the
recognition mechanism between the S-protein and S-
peptide can be characterized as “induced-fit” or as “con-
formational selection”.28–31 Furthermore, it opens the
possibility to phototrigger binding/unbinding of the S-
peptide, adopting the concept that has previously been
used to control the α-helical content of isolated peptides
via cross-linking two sites of the helix with an azoben-
zene moiety.5–8 Fig. 1 shows the construct we designed
for this work: a S-peptide (blue) is bound to a S-protein
(yellow), the former of which being photoswitchable and
designed in a way that the azobenzene-moiety (red) in
its trans-configuration destabilizes the α-helical content
of the S-peptide.
There have been attempts to photocontrol RNase S in
the past, mainly with the focus on influencing the enzy-
matic activity. Pioneering studies have been performed
by Lui et al.32 as well as Hamachi et al.33 They cre-
ated different mutants with the non-natural amino acid
phenylazophenylalanine placed at different positions of
the S-peptide. In contrast to our construct, the pho-
toswitch does not cross-link two sites. Nonetheless, by
photoswitching the configuration of the side chain, par-
ticularly at position 13 of the S-peptide,33 the enzymatic
activity in one of the photoswitch states was reported to
completely cease. In the subsequent study of Woolley’s
group,34 the same model system has been studied more
extensively. They could not reproduce the results from
Ref. 33, rather they found only a two-fold difference in
the activity between cis and trans states. In this study,
binding affinities were also estimated, albeit indirectly
via the enzymatic activity results. The largest modu-
lation they found for the binding affinity in the cis vs
the trans state was a factor 5. A different protein sys-
tem, that however uses a very similar design idea as our
present one, has been reported by Kneissl et al.,35 who
designed photocontrollable α-helical model peptides that
bind to the Bcl-xl protein and are relevant for apopto-
sis. Up to 20-fold difference in binding affinity have been
reported upon trans to cis isomerization of the photo-
switch, but specific binding was preserved in both states
with binding affinities in the nanomolar range.
II. DESIGN CRITERIA
For the design of the photoswitchable S-peptides, the
following basic criteria were considered:
• A water-soluble derivative of azobenzene has been
used as photoswitch, BSBCA (3,3’-bis(sulfonato)-
4,4’-bis(chloroacetamido) azobenzene).36
• A pair of amino acid residues needs to be replaced
by cysteines for the site-selective linking of BSBCA.
When choosing these sites, their effect for binding
to the S-protein and/or the stability of the α-helix
needs to be considered.
• Steric hindrance between crosslinked photoswitch
and S-protein binding cleft should be avoided
so that specific binding is preserved. To that
end, the PyMOL software package37 was used
for visual examination and discrimination between
solvent-exposed and non-solvent exposed amino
acid residues of the S-peptide.
• The goal has been to stabilize the α-helical confor-
mation in the more compact cis state of BSBCA,
and to destabilize it in the trans state. This cri-
terion determines the distance between sites that
are being crosslinked.9 To that end, we assumed an
ideal length of BSBCA in its cis state of 11-16 Å,17
and determined distances from the X-ray structure
of RNase A (PDB code: 2E3W).38
Within that framework, five different photoswitchable
S-peptide variants have been designed. Ala6 has been
chosen as the first anchoring point in all but one S-
peptide variants, since it is the first amino acid residue
(starting from N-terminus) that is part of the α-helical re-
gion and at the same time is solvent-exposed in the com-
plex. Furthermore, it has been shown to have no effect
on the binding affinity or the structure of the RNase S
complex.28,31,39
To obtain a prototype S-peptide that preserves bind-
ing, we started with Ser15 as second anchoring point,
which also is known to be a residue that does not affect
the binding,28 and furthermore, it fulfills all aforemen-
tioned steric criteria; in particular, the end-to-end dis-
tance of the photoswitch in the cis-state fits the distance
in the X-ray structure the best. We will denote that vari-
ant as S-pep(6,15). However, we learned quickly that this
particular variant does not modulate the binding affinity
significantly upon photoswitching, and we moved towards
the next S-peptide variant, investigating the effect of a
mutation that destabilizes the S-protein/S-peptide com-
plex. We selected His12 for this purpose, whose mutation
to Phe12 decreases the binding affinity by about a factor
25;29 we will call that variant S-pep(6,15)H12F.
Furthermore, assuming that the α-helical content de-
termines the binding, we considered S-pep(6,13) and S-
pep(6,10) with shorter spacings 7 and 4, respectively, be-
tween the anchoring groups. According to Ref. 9, these
spacings maximize the difference in stability of an α-helix
with the photoswitch in the cis vs the trans states. Fi-
nally, we explored one variant in which we varied the
starting point by one amino acid, S-pep(7,11), again with
spacing 4. The amino acids that are affected in this case,
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Lys7 and Gln11, were both shown to play a role in the
stabilization of the helix and in complex formation.40,41
III. MATERIALS AND METHODS
A. Preparation and Purification of S-Protein and
S-Peptide Variants
The S-protein was prepared from the commercial
bovine ribonuclease A (Sigma Aldrich) by limited prote-
olysis with subtilisin, in essence as described in Refs. 25
and 42. The proteolysis mixture was then applied
to size-exclusion chromatography on Sephadex G-75
in order to isolate the S-protein from the S-peptide
as well as from subtilisin and residual unhydrolized
RNase A. Wild-type S-peptide (sequence KETAAAK-
FERQHMDSSTSAA) and four modified S-peptide mu-
tants with pairs of cysteine residues on different po-
sitions (i.e., S-pep(6,15), S-pep(6,13), S-pep(6,10) and
S-pep(7,11), see Sec. II) were synthesized by stan-
dard fluorenylmethoxycarbonyl(Fmoc)-based solid-phase
peptide-synthesis on a Liberty 1 peptide synthesizer
(CEM Corporation, Matthews, NC, USA). For S-
pep(6,15)H12F, an additional His-to-Phe mutation was
introduced at position 12. All amino acids were pur-
chased from Novabiochem (La Jolla, CA, USA). The
peptides were subsequently purified using reverse-phase
C18 HPLC chromatography with an acetonitrile gradi-
ent 0-100% in 10 column volumes. The cysteine residues
were subsequently cross-linked with the photoisomeriz-
able linker BSBCA,36 and purified again with the same
conditions as in the previous step. The purity of S-
protein and all S-peptide variants was confirmed by mass-
spectrometry. Solutions of S-protein and S-peptide vari-
ants were prepared in 50 mM sodium phosphate buffer at
pH 7.0. Concentrations have been determined by amino
acid analysis.
The trans-configuration is the thermodynamically
more stable one and accumulates to essentially 100%
upon thermal relaxation, which happens on a timescale
of 1-10 h (see Supporting Information, Fig. S1A). Typi-
cally, we left the sample in dark overnight before an ex-
periment of the trans-configuration was performed. To
prepare the cis-configuration, we illuminated the sample
with a 370 nm cw diode laser (90 mW, CrystaLaser). Its
power is sufficient to switch a sample in minutes, and
we verified that >85% cis are prepared in that way (see
Fig. S1B and its discussion).
B. Isothermal Titration Calorimetry
The isothermal titration calorimetry (ITC) measure-
ments were performed on a MicroCal iTC200 from
Malvern (Malvern, UK) at 25◦C or 21◦C for wild-type
and photoswitchable S-peptides, respectively. The sam-
ple cell contained 250 µL of S-protein solution at con-
centrations that varied according to the expected affin-
ity. 10x higher S-peptide concentration was titrated into
the sample cell. The first injection was 0.4 µL and sub-
sequent injections every 120 s were 2.0 µL. We verified
that ITC reveals reliable results for the binding affin-
ity also in the cis-state, despite the fact that the overall
measurement time is comparable to that of the thermal
cis-to-trans back-isomerization for the free peptide, and
despite the fact that this reaction releases heat43 that is
comparable to the heat of binding (see Fig. S1A and its
discussion). Kd’s were determined from the ITC data us-
ing the instrument’s software and assuming one binding
site.
C. CD Measurements
Circular Dichroism (CD) measurements were per-
formed on a Jasco (Easton, MD) model J-810 spectropo-
larimeter in a 0.1 cm quartz cuvette. We made sure
the measurement was fast enough to prevent significant
amount of thermal back-isomerization, and that the in-
tensity of the light used by the CD spectrometer was low
enough so the amount of molecules that photoisomerized
due to that light is negligible (see Fig. S2 in SI).
D. Intrinsic Tyrosine Fluorescence Quenching
Fluorescence measurements were performed using
two different fluorimeters. A commercial instrument
(PerkinElmer) was used for the wild-type S-peptide, set-
ting excitation and emission wavelengths to 285 nm and
306 nm, respectively. A larger sensitivity was needed for
the photoswitchable variants due to the large absorption
of the photoswitch itself, which furthermore changes be-
tween cis and trans states, and hence required extremely
low concentration to avoid fluorescence re-absorption
(optical densities were kept below OD=0.05). At the
same time, the excitation intensity needed to be very low
to avoid inducing isomerization of the photoswitch dur-
ing the course of the measurement (see SI for details).
The larger sensitivity was achieved with a home-built
fluorimeter, that employed 266 nm for the excitation ob-
tained from the 3rd harmonic of a Ti:Sapphire amplified
laser system (Spectra Physics, Spitfire). The fluorescence
was detected in a 90 degrees geometry using a single pho-
ton counter (PMA 175-N-M, PicoQuant) together with
a special filter (XRR0340 Asahi Spectra USA) to remove
both the 266 nm and the 370 nm radiations needed to
promote the fluorescence of the tyrosine’s and the trans
to cis isomerization of the photoswitch, respectively.
E. MD Simulations
To generate initial structures of RNase S for the MD
simulations, we started with the RNase complex struc-
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ture (PDB ID 1Z3P),44 mutated Nva13 to Met13, and
then attached five additional residues from an X-ray
structure of RNase A (PDB ID 2E3W)38 at the C-
terminus of the S-peptide. Following the procedure from
Ref. 45, we next attached the azobenzene photoswitch on
cysteine side chains by mutating the respective residues
i, j of S-peptides according to experimental labeling po-
sitions (see Sec. II). All MD simulations were per-
formed using the GROMACS software package v4.6.7
(Ref. 46) with hybrid GPU-CPU acceleration scheme,
the Amber03ws forcefield47 and TIP4P-2005 water48 sol-
vent molecules. After energy minimization, all systems
were equilibrated for 10 ns, and simulated at 300 K for
at least 400 ns (see Supporting Information for details).
Moreover, a MD simulation of wild type RNase S was
performed, in order to show the similarity of the confor-
mational distributions of crosslinked vs native peptides
(Fig. S3).
MD trajectories were preprocessed by performing a
principal component analysis on backbone dihedral an-
gles (dPCA+)49 of residues 3 to 13 of S-peptides. Includ-
ing only the first few principal components with 80% of
the total sum of eigenvalues (depending on the individual
system, about five to six), we define a reduced coordinate
space of significantly lower dimensionality.50 After di-
mensionality reduction, robust density-based clustering51
was performed to identify the metastable conformational
states of the individual systems (see Supporting Infor-
mation for details). On the basis of most populated
states, representative structures and respective flexibili-
ties were obtained by employing gmx rmsf and displayed
via PyMOL.37
IV. RESULTS
We used three independent methods to determine the
binding affinity of the various S-peptides to the S-protein,
isothermal titration calorimetry (ITC), circular dichro-
ism (CD) spectroscopy and intrinsic tyrosine fluores-
cence quenching. Each one of these methods focuses on
different aspects of binding, and has its strengths and
weaknesses. For some of the S-peptides, more than one
method could be applied with reasonable confidence, al-
lowing us to cross-validate the results.
Starting with the “gold standard”, ITC,52 it was pos-
sible to determine binding affinities for relatively strong
binders, see Fig. 2 and Tab. I. Due to the limited solu-
bility of both the S-protein and the S-peptide, we could
not determine the binding affinity of S-pep(6,13) in either
state of the photoswitch, and, more severely, also not for
the trans-configuration of most of the other S-peptides,
with the one exception of S-pep(6,15), for which the ef-
fect of switching is negligible.
We therefore turn to CD spectroscopy in the next step,
as our starting assumption has been that the photoswitch
in the trans-configuration perturbs the helical conforma-
tion of the S-peptide, and CD spectroscopy is sensitive
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Wild type S-pep S-pep(6,15)H12F cis
S-pep(6,15) cis S-pep(6,15) trans
S-pep(7,11) cisS-pep(6,10) cis
FIG. 2. ITC thermograms of the S-protein and differ-
ent S-peptide variants. (A) Wild-type S-peptide, (B) S-
pep(6,15)H12F-cis, (C) S-pep(6,15)-cis, (D) S-pep(6,15)-
trans, (E) S-pep(6,10)-cis and (F) S-pep(7,11)-cis.

























FIG. 3. CD spectra of the S-peptide alone in trans (red)
and cis (blue), the S-protein alone (black), and the S-protein
with S-peptide in the trans (green) and cis state (purple),
exemplified here for S-pep(7,11).
to exactly that structural aspect. To set the stage, we
show in Fig. 3 CD spectra of the S-pep(7,11) alone in its
two states (red and blue), of the S-protein alone (black),
as well as of mixtures of both at a concentration where
the amount of binding has been ≈25% in the trans-state,
and ≈75% in the cis-state (vide infra). For the S-peptide
5
TABLE I. Dissociation constants Kd (in µM) of the various S-peptide variants and the S-protein, as determined by ITC, CD
and intrinsic tyrosine fluorescence quenching.
ITC CD fluorescence
cis trans cis trans cis trans
S-pep(6,15) 1.5±0.2 1.2±0.8 1.7±1.0 2.9±0.8 3.6±0.9 3.2±1.3
S-pep(6,15)H12F 1.9±0.4 - 1.5±0.5 21±1.8 - -
S-pep(6,13) - - 70±20 *a 130±30 *b
S-pep(6,10) 0.6±0.2 - 2.3±1.2 47±10 - -
S-pep(7,11) 5.9±0.2 - 6.2±2.9 125±15 - -
wild type 0.11±0.01 0.14±0.04 0.14±0.02
a no binding was observed
b unspecific binding was observed, however, since the saturation plateau could not be reached, the binding constant could not be
determined.
alone, the CD spectra indicate a predominantly random-
coil conformation, regardless of the state of the photo-
switch (see Fig. 3, red and blue). This finding is in
agreement with the well-known fact that the S-peptide
is disordered when it is free in solution.29 The structural
constrain of the photoswitch does not lead to any signif-
icant stabilization of the helical structure in the isolated
form. Once bound to S-protein, however, the S-peptide
adopts a helical structure, as deduced from a CD signal
(Fig. 3, green and purple) that is significantly larger than
the sum of the signals from the S-peptide alone (red and
blue) and S-protein alone (black). Furthermore, the re-
sults show that there are significant differences in helical
content between the cis and trans states, indicating a
larger amount of binding due to a higher affinity in the
cis-state.
Besides folding of the S-peptide upon binding, the con-
tribution of the S-protein per se to the overall CD signal
might change as well. That can be seen from the fact
that the difference between e.g. the purple line in Fig. 3
(S-protein plus ≈75% of bound S-pep(7,11)-cis) and the
black line (S-protein alone) is much bigger than what the
size of the fragments would suggest (20 amino acids for
the S-peptide vs 104 amino acids of the S-protein). In-
deed, it has been suggested that the S-protein is much
more flexible in the absence of the S-peptide,53 which
is also the reason for difficulties in obtaining a crystal
structure. Along these lines, a recent MD simulation has
shown that helix II of the S-protein unfolds when the
S-peptide unbinds.31
To determine the binding affinity, the CD signal at
225 nm54 was measured as a function of S-peptide con-
centration, keeping the concentration of the S-protein
constant at around 50 µM, see Fig. 4. In these plots, “0%-
fraction-bound” corresponds to the CD signal calculated
as a trivial sum of the contributions from S-peptide alone
and S-protein alone, and “100%-fraction-bound” to the
plateau value reached at high enough S-peptide concen-
trations. To determine the binding affinity Kd, the data
were fit to a chemical equilibrium, P + L ⇀↽ PL. Tab. I
summarizes the results. It turns out that the method is
more reliable for weak binders and as such complemen-
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FIG. 4. CD binding curves for various S-peptide variants.
(A) Wild type, (B) S-pep(6,15) (C) S-pep(6,15)H12F, (D)
S-pep(6,13), (E) S-pep(6,10), and (F) S-pep(7,11). Measure-
ments with the photoswitch in cis configuration are plotted
in red, those in the trans configuration in black.
tary to ITC. That is, if the binding affinity becomes too
large with Kd’s much smaller than the concentration of
the S-protein, the binding curve adopts a kink-like be-
haviour (see in particular the wild-type data in Fig. 4A)
and the fit parameters become very insensitive to Kd; in
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FIG. 5. Fluorescence binding curves for various S-peptide variants. (A) Wild type, (B) S-pep(6,15), and (C) S-pep(6,13).
Measurements with the photoswitch in cis configuration are plotted in red, those in the trans configuration in black. In the
case of S-pep(6,13)-trans, the saturation plateau was not reached; it was assumed to be the same as for S-pep(6,13)-cis for the
purpose of plotting (but that does not have to be correct since unspecific binding implies that more than one S-peptide might
bind). The linear fit in this case is to guide the eyes.
essence it is then a single data point at the kink that de-
termines Kd. Fortunately, both ITC and CD works rea-
sonably well for S-pep(6,15), allowing us to cross-validate
the two methods.
Finally, fluorescence quenching was employed as
method to determine the binding dissociation constants
for the cis and the trans forms of some of the peptides.
The intrinsic tyrosine S-protein fluorescence decreases by
circa 20% upon binding in all cases. Local structural as-
pects like changes of the chemical environment via hydro-
gen bonds, disulfide bridges formation/breaking and res-
onance energy transfer mechanism can affect the intrin-
sic tyrosine fluorescence quenching of RNase S.55,56 The
obtained binding curves are shown in Fig. 5, where the
values for “0%-fractional-bound” and “100%-fraction-
bound” have been determined in the same way as for
the CD data. Wild type and S-pep(6,15) were used to
cross-validate the fluorescence method with CD and ITC
techniques, with both the commercial and the home-built
fluorimeters, respectively, and S-pep(6,13) was then mea-
sured as an example with very low binding affinity. The
extracted binding affinities are summarized in Tab. I.
Overall, the results from three different methods are in
good agreement with each other within experimental er-
ror.
A. Computational Results
To study the relation between changes in binding affin-
ity (i.e, experimental Kd obtained by CD spectroscopy)
and secondary structural changes of the S-peptides, all-
atom MD simulations were performed as described in
Methods. As an overview, Fig. 6 shows the resulting dy-
namics of secondary structures of the various S-peptides
obtained from DSSP analysis.57,58 In particular, we fo-
cus on the differences of helicity when changing from cis
to trans configuration. In the case of S-pep(6,15) and
S-pep(6,15)H12F, we find that the core region formed








































FIG. 6. Time evolution of the S-peptides’ secondary structure
in cis (left) and trans (right) configuration, obtained from all-
atom MD simulations after suitable equilibration (see Meth-
ods). α helix content in blue, 310 helix in green, unstructured
parts in white.
by residues 4-11 exhibits a stable α-helical conformation
in both cis- and trans-configuration. Recalling that an
α-helix of residues Thr3-Met13 is the hallmark of the na-
tive, active RNase S,29 we conclude that the structure
of these S-peptides are hardly perturbed by the photo-
switch. This conclusion is also supported by the fact
that the wild-type peptide exhibits about the same he-
licity as S-pep(6,15) and S-pep(6,15)H12F (see Fig. S3).
S-pep(6,13), on the other hand, is significantly more af-
fected by cis → trans photoswitching. Apart from in-
frequent short perturbations, S-pep(6,13)-cis reveals a
relatively stable α-helical structure, while its trans form
7
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FIG. 7. (A) α-helicity vs experimental Kd in cis-
configuration, together with the wild-type (WT), and fit ob-
tained by Eq. 1. (B) The same for the trans-configuration.
mostly exist as a 310 helix or random coil. In a similar
way, S-pep(6,10) and S-pep(7,11) exhibit decreased α-
helicity upon cis → trans photoswitching, although the
structural changes found in trans are less prominent com-
pared to S-pep(6,13). Performing a time average over the
trajectories, the above findings can be represented by a
probability distribution of the α-helicity of the various
systems (see Fig. S3, Supporting Information).
To connect these computational results for the α-
helicity αH to the experimental findings of Kd in form
of a quantitative structure activity relationship (QSAR),
we used a Boltzmann statistics-based ansatz, which as-
sumes that the free energy of binding, ∆G ∼ ln(Kd), is
linearly dependent on the number of peptide residues in
α-helical conformation. This gives
αH = −cαkBT ln(Kd) + αH0 , (1)
where cα accounts for the free energy gain per helical
residue ∆G = αH/cα, and αH0 is a reference peptide
helicity. As shown in Figure 7, this ansatz reveals a con-
vincing fit (R2 = 0.85) for the trans-state. The fit is less
clear (R2 = 0.65) for the cis-state, where we also added
the results of the wild-type. The resulting fit parameters
for trans (cα = 3.4 ± 0.9, αH0 = 53 ± 6) and cis (cα =
4.2 ± 2.5, αH0 = 44 ± 6) agree with each other within
their error ranges.
Figure 8 combines these results and correlates the
change of the calculated change in α-helicity ∆αH =
αH(cis) − αH(trans) to the experimentally measured
change in affinity ∆Kd = Kd(trans) − Kd(cis). In nice
agreement, both simulated ∆αH and experimental ∆Kd
show an ascending behaviour starting with S-pep(6,15)





















FIG. 8. (A) change in α-helicity difference: ∆αH = αH(cis)−
αH(trans) and (B) change in experimental ∆Kd = Kd(trans)−
Kd(cis), as determined from CD spectroscopy (Table I). No
experimental exist for Kd in the trans-state of S-pep(6,13),
which is why no bar is shown in panel (B), but it is clear
from Figs. 4D and 5C that the difference is large.
via S-pep(6,15)H12F and S-pep(6,10) to S-pep(7,11) and
S-pep(6,13).
It is interesting to connect the above discussed helicity
changes with the prevailing molecular structures of the S-
peptides. To this end, robust density-based clustering51
(see Methods) was performed for all systems and the
resulting main conformational states were analyzed in
detail (see Figs. S4 and S5, Supporting Information).
Overall, we find that all S-peptides can be well described
by only four conformational states, where the dominant
state typically occurs with 40-70% population. Figure 9
shows the resulting main structure of all S-peptides (the
S-protein is not shown for clarity). In line with the dis-
cussion of Fig. 6, we find that cis → trans photoswitch-
ing has the least impact on the secondary structures of
S-pep(6,15) and S-pep(6,15)H12F, while the most signifi-
cant changes are found for S-pep(6,13), which essentially
loses its α-helical conformation. Coloring residues ac-
cording to their fluctuations, we find that the structures
are well defined in both cis and trans and exhibit in-
creased flexibility only at the terminals. That is, even
the apparently disordered regions of S-pep(6,13) and S-
pep(7,11) reveal stable structures.
V. DISCUSSION AND CONCLUSION
To facilitate photocontrolling of peptide-protein bind-
ing, we have designed various photoswitchable S-
peptides, switching their helical content, and measured
their binding affinities to the S-protein using a vari-
ety of experimental techniques (Table I). Alpha helices
are structural motifs that very commonly are relevant
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       S-pep(6,15)              S-pep(6,15)H12F     S-pep(6,13)              S-pep(6,10)               S-pep(7,11)     
FIG. 9. Most populated structures obtained from a clustering analysis, see text and Supporting Information for details. The
S-protein is not shown for clarity. The residues are colored according to normalized root mean square fluctuations.
for protein-protein, protein-peptide and protein-DNA in-
teractions and therefore represent important targets for
modulation of binding affinities. Here, we have intro-
duced a concept by which the helical content can be
modulated in a very controlled manner. The overall dis-
ruption of secondary structures not only depends upon
the distance between anchor residues of photoswitch but
also on the exact position of the photoswitch.
By performing MD simulations of the cis and trans
configurations of the RNase S complex, we were able to
relate simulated α-helicities αH to experimentally ob-
tained binding affinities Kd, which are in surprisingly
good agreement (Fig. 8). Using the simple QSAR ansatz
of Eq. 1, we have shown that the α-helicity is inversely
related to the experimental Kd’s (Figs. 7). This suggests
that relatively short (sub-µs) MD simulations are indica-
tive of the long-time binding or dissociation behavior of
the RNase S complex. The secondary structure analysis
of the S-peptides in (Fig. 9) shows a significant decrease
in α-helicity upon cis-to-trans isomerization for all sys-
tems, with the one exception of S-pep(6,15). The latter
is in line with the findings of Ref. 9 studying the pho-
toswitching of isolated helical peptides, which revealed
that the (i,i+9) spacing in S-pep(6,15) is the dividing
point between decreasing or increasing the α-helical con-
tent upon cis-to-trans isomerization.
The largest change in α-helicity is found for S-
pep(6,13) and S-pep(7,11) with spacings (i,i+7) and
(i,i+4), respectively. The corresponding structures of the
trans forms in Fig. 9 reveal a considerable loss of α-helical
conformation. In particular, S-pep(6,13)-trans adopts a
helical conformation only at its N-terminal, while its C-
terminus is completely disordered. It has been suggested
that the N-terminal part of the S-peptide is unzipping
from the S-protein binding groove due to equilibrium
state fluctuations.31 Furthermore, based on an alanine
mutant screening approach,31 it has been shown that the
N-terminus (more precisely residues 1-7) contributes to
binding only to a minor extent. Hence, even though a
small percentage of helicity was preserved in the case of
S-pep(6,13)-trans, no specific binding is observed, since
the residual helicity is located in relatively unimportant
part for the binding.
It is interesting to note that the isomerization of the
photoswitch does not lead to a significant increase of pep-
tide fluctuations. Instead, Figs. 9 and S4 (see Supporting
Information) suggest that peptide structures are mostly
well defined in both the cis and the trans-state and ex-
hibit fluctuations only at the termini. Especially the
parts of the peptide that lie between the clamping points
of the photoswitch display highly stable structures, even
in apparently disordered states. Furthermore, in the case
of S-pep(6,13), the peptide structure is more stable in
the disordered trans state than in helical cis state, in
clear contrast to intuition. This stabilization of disor-
dered states turns out to be one of the most interesting
outcomes of our photolabeling strategy. In combination
with structural predictions from MD simulations, it al-
lows a rather distinct manipulation of the peptide struc-
ture depending on the photoswitch attachment points.
We consider S-pep(6,13) the most interesting result in
our series of mutants. Firstly, while no binding could
be detected for S-pep(6,13)-trans via CD spectroscopy
(Fig. 4D), some degree of binding is observed by fluo-
rescence quenching (Fig. 5C), illustrating the different
aspects of binding the two methods are sensitive to.
That is, while CD measures helical content, fluorescence
quenching measures spatial proximity. The difference
between CD and fluorescence data can probably be ex-
plained by the fact that binding is unspecific in this case,
i.e., more in the sense of aggregation, and hence does not
induce any α-helical structure. Since we did not reach
a plateau in fluorescence intensity in this case, we can-
not truly quantify the binding affinity, but it is probably
in the mM range. And indeed, such weak binding can
typically no longer be characterized as “specific”, in par-
ticular if the binding partner is a floppy peptide like in
the present case.59
Secondly, the largest effects observed in literature for
photoswitchable protein-peptide complexes are Kd ratios
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of about 20 (Ref. 35), and the effect is equally large for
S-pep(6,10) and S-pep(7,11). For S-pep(6,13), the ra-
tio is even larger, i.e., effectively infinite, as no specific
binding is detectable by CD spectroscopy in the trans-
state. To the very best of our knowledge, such a big ef-
fect has not been achieved so far for any photoswitchable
protein-peptide complex. This property makes the sys-
tem particularly interesting for time-resolved studies, in
which the light-driven isomerization of the photoswitch
triggers unbinding of the S-peptide, and the structural re-
sponse of the protein is investigated by e.g. transient IR
spectroscopy or transient X-ray scattering experiments
in upcoming free electron lasers.1 Ideally, in such an ex-
periment, the S-peptide should unbind as quickly as pos-
sible; only then the temporal ordering of unbinding event
vs structural response could be measured, addressing the
long-standing question whether the process can be de-
scribed as “conformational selection” or as “induced fit”.
However, the unbinding rate constant koff scales essen-
tially as Kd (since kon is limited by diffusion and as such
essentially a constant), hence to speed up koff , Kd in one
state of the photoswitch should be as large as possible.
Transient IR experiments are currently underway.
Supporting Information: Experimental validation of
ITC as a method to determine binding affinities also in
the cis-state (Fig. S1A and its discussion), the amount
of cis prepared by illumination at 370 nm (Fig. S1B and
its discussion), the effect of the measurement light in CD
and fluorescence spectroscopy (Fig. S2 and its discus-
sion), more detailed MD methods, description of the he-
licity and contacts of wild type and labeled systems (Fig.
S3), as well as detailed results of the clustering analysis
(Figs. S4 and S5) can be found in Supporting Informa-
tion. This information is available free of charge on the
ACS Publications website.
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